As part of the activities of the International Association for the Properties of Water and Steam, all reliable sources of experimental data on the thermodynamic properties of ordinary (light) water and steam have been collected and converted to common temperature, pressure, volume, mass and heat scales. The data are grouped by state or phase: ideal-gas properties; sublimation and melting curves; saturation properties; properties of liquid water at ambient pressure; thermodynamic properties of the single-phase state; and those of metastable states. In each category, a subdivision is made by property. Properties include the volume, enthalpy, heat capacities, sound velocity, internal energy and Joule-Thomson and related coefficients. The total data collection contains approximately 16 000 data points and covers a century of experimental work at temperatures from 253 to 1273 K and pressures up to 1 GPa. This report characterizes the data and gives the literature references. The actual data collection is available in computerized form.
Introduction

Historical
The data taking, collecting, sifting, graphing and formulating of properties of water and steam has been an ongoing effort since steam emerged as the working fluid in mechanical and electric power generation. In the early part of this century, data were presented in the form of thermodynamic tables and charts.
Traditionally, the needs of the power engineers for property values of water and steam were met by so-called Skeleton Tables. These are tables of values of the specific volume and of the enthalpy of water and steam, on grid points in pressure-temperature space, sufficiently closely spaced that linear interpolations are adequate. The gridpoint values are obtained by interpolating in the relevant experimental data sets; data that appear discrepant are rejected, and a tolerance based on the scatter of the existing data sets is assigned to each grid point.
The first International Steam Table Conference was held in London in 1929 with the purpose of obtaining international agreement on the properties of steam. In 1934, agreement was reached on the first International Skeleton Steam Tables (1ST 34) . A substantial effort to expand and improve the experimental data base for steam was already under way, most notably by Osborne and coworkers at NBS, the National Bureau of Standards, presently NIST, the National Institute of Standards and Technology, in the U.S.A. A collection of data and tables for thermodynamic properties of water and steam was part of a comprehensive study by Dorsey in 1940 1 • Mter the second world war, the acquisition, evaluation and correlation of steam properties gained new im- The Skeleton Tables do not permit the imposition of thermodynamic consistency requirements on volume, enthalpy, and their derivatives. Deriving both volume and enthalpy from an accurate thermodynamic fundamental equation could assure such consistency, but devising such an equation was not feasible before computational power became widely available, in the late 1950 Sixth ICPS, therefore, also established an International Formulation Committee (IFC) which proceeded to de- . velop a formulation of the thermodynamic properties of water and steam of the highest possible accuracy, for scientific and general use, and another one suited for computerized industrial calculations.
In 1968, at the Seventh ICPS in Tokyo, the 1967 IFC Formulation (IFC 67) for Industrial Use and the 1968 IPC formulation for Scientific and General Use (IFe 68) were formally adopted 3 • The IFC 67, which is still in use, is thus a first attempt at insuring thermodynamic consistency. It was found, however, that a fundamental equation based on tempera-ture and pressure as independent variables could not be used over ranges including near-and supercritical steam. The IFC 67 therefore consists of formulations for several subregions, some with pressure and temperature, others with density and temperature as independent variables; and great effort was spent to assure smoothness of first and second derivatives across the boundaries of these subregions.
For applications that include near and supercritical steam, a formulation solely in terms of density and temperature as independent variables is much more suitable. At the time that the IFC 67 was adopted, the first Helmholtz free energy formulation of the properties of steam appeared, the equation of Keenan et al. 2 In the two decades since that prototype equation appeared, computer capabilities and computer-based regression techniques have increased in power by leaps and bounds. The selected bibliography on formulations for water and steam that accompanies this section bears witness to the ongoing activities, mostly but not exclusively associated with the appropriate working groups of the International Association for the Properties of Water and Steam (IAPWS).
Shortly after the 1968 Conference, the International Association for the Properties of Steam (lAPS) was established as a standing organization for the international cooperation on the properties of steam. lAPS began with the task of collecting and updating the experimental data on thermodynamic properties of ordinary (light) water and steam. This work was taken on because many new high-quality experimental data had been obtained in much wider ranges of temperature and pressure since 1963, which was the termination date for the input to IFC 67 and IFC 68. Thus, lAPS was preparing for an extension to higher pressures and temperatures of the Skeleton Tables, and also for an eventual replacement of the IFC 68 by a formulation that would be more accurate and valid over a larger range. These activities culminated in the formulation that is the basis of the 1984 NBS/NRC Steam Tables,' presently the accepted international scientific formulation of the properties of water and steam. Since 1984, there have been several efforts to extend and improve the formulation,9,l1 to obtain more precise formulations in more limited regions,6.10 and to produce the more accurate Skeleton Tables that are currently accepted by IAPWS. 8 The bulk of the work of collecting the data base on which all these formulations are built, fell on the shoulders of the Japanese group headed by Watanabe 4 and of the German group headed by Straub s . Many members of what then was lAPS Working Group 1 were involved in the task of ranking the data in four categories of descending reliability. In general, only the best category data were used in further development of skeleton tables and formulations. The lower-quality data were used only in regions where better data were absent. The present collection of data includes only that latter part of the lowerquality data. The so-called International Input contained roughly 9000 PVT and 7000 other property data points. 
Organization of the Data
In the paper, the data sources have been grouped 1 state or phase in the following categories: ideal-gas pro; erties, Sec. 2; sublimation and melting properties, Sec. . saturation properties, Sec. 4; properties of liquid water ambient pressure, Sec. 5; properties of the single-pha: state, Sec. 6; properties of metastable states, Sec. 7. TI actual data sets are available in computerized form. Ba( reference to experimental data contains a code numbl identical to the file number of the relevant computerizt file. The properties whose values we have collected il clude fixed points, virial coefficients, density, enthalp sound velocity, specific heats at constant pressure or vo ume, internal energy and Joule-Thomson coefficien With very few exceptions which are clearly noted in tt text, the property data are measured data which are avai able in computerized form as explained below.
In the body of the report, we describe each data set i a single line in a table in the appropriate subsection; th line contains the authors' names, the date of publicatiol the file name, the reference to the data source, the at thors' estimate of uncertainty (for which we take no rc sponsibility) and one of the characters S, A or B, th~ reflects our judgement of reliability. Data of prove highest reliability are in category S. Category A is that ( SATO ETAL ata that are of sufficient reliability to be used in formultions. Category B labels data that lack assurance of sufcient reliability; confirming information may be absent; o information or uncertainty may have been given in the :mrce; or there may be reason to believe that the uncerlinty is much larger than stated. It is the ongoing activity f formulation that provides the connection between the arious properties, and permits judgment about consisncy of various types of data. We have deemed it essen-:al to provide, to the extent possible, this type of lformation about internal and mutual consistency of ata sets to the reader. In addition, we have added a few ets of correlated data of superior quality to our collec-:on. These sets are labeled as SC. At the end of each subsection, we list in chronological rder the complete bibliography for the material cited in le particular subsection. By the way we have organized le data, it i~ pu~~ible for a sillglt~ paper to be lefened to 1 more than one subsection. In those cases, we have proided cross-references.
On the diskettes which are available from AIpa, the data are listed in ASCII format. For each data set, a sevenor eight-letter file name is used, composed of the first letter of the property name, and the first four letters of the first author's family name, followed by the last two digits of the year of publication and, if necessary, a letter such as A, B, etc. for ordering within that year. All states except the one-phase state are indicated by an additional two-letter extension, separated from the file name by a period. A data file begins with a few lines of information, giving the file name, author names, journal reference, the types and units of the property data and independent variables, and the number of data points to follow. After this the data set follows, in general consisting of three columns (one dependent and two independent variables). In the case of saturation data, two columns may suffice. The explanation of the file name organization and an example of file content are shown in Tables 1.2.1 and 1.2.2.
Instructions for locating sets of related files by property, author, etc. are given in the "README" file on the first disk. aSee AlP Document No. PAPS lPCRD-20-1023-disk for files of these data in machine-readable form. The data are available from AlP on disk as ASCII files, formatted by MS-DOS for IBM-compatible computers; the files total 800 kB. When ordering, please indicate whether 31 inch or 51 inch disks are preferred.
Order by PAPS number and journal reference from American Institute of Physics, Physics Auxiliary Publication Service, 335 East 45th Street, New York, NY 10017. The price is $10.00 in either format. Airmail additional. Make checks payable to American Institute of Physics. 
Thermodynamic Properties of Steam in the Ideal-Gas State
Ideal.gas properties of steam are calculated from spc troscopic data. The authorative calculation of Friedm and Haar 1 in 1954 gives references to earlier work a covers the range uf 50-5000 K. It was followed by that Woollef in 1980, who calculated ideal-gas Gibbs free e ergy, enthalpy, entropy and specific heat for the range 1 to 4000 K both for pure isotopic water and for the is topic mixture as occurring in standard mean ocean wat (SMOW). This correlation was the basis for the ideal-g input to the NBS/NRC Steam Tables adopted by lAPS 1985. Since 1979, improvements have been made in t1 formulation by Cooper and by Woolley4. Cooper it proved the mathematical behavior at high-temperatul The improvements made by Woolley mainly address tJ effects of anharmonicities that are noticeable only at ve high temperatures. In his latest paper,4 for instanc Woolley, calculating the effects of refinements in tl treatment of centrifugal influences on vibrations and rl tations, finds differences in the ideal-gas heat capacity , less than 0.1 % for temperatures up to 1000 K: the diffe ences grow to almost 1 % at 2000 K. The ideal-gas dat being calculated data, are not available in computerize form in the present work.
Sublimation and Melting Curves
If solid phases are included, the phase diagram of water is quite complex (Fig.l) . Recently, Saul and Wagner12 have developed formulations for all known melting and sublimation curves. Their formulation has been adopted by IAPWS as a release. 13 The paper, including the text of the IAPWS release. will be publisbed. 14 Phys. Chern. Ref. Data 14, 193 (1985) . 12 Their formulation has been adopted by IAPWS as a supplementary release. 12 The sources of experimental data that we have collected are listed in ;0 contain correlating equations for the orthobaric denies, enthalpy and entropy of saturated vapor anc11iqnic1. The paper of Smith and Keyes contains, in addition to e measured saturation volumes that are part of our ita collection, values of constant-volume and constantessure heat capacities derived from their own and Oslroe's data between 273 and 533 K. Several of the turation properties vary over many orders of magnide, which makes the assessment of the reliability diffi-cult. Our judgement was based primarily on the degree of continuity of the saturation data with the best data in adjacent one-phase regions.
All experimental datal, 3-5, 7-11 listed in Table 4 .4 are available in computer-accessible form. ', v", h " h", S', s", and C p '. ell derived v' from evaluated density and sound velocity data at atmospheric pressure with an accuracy of better than 10 ppm. saturated water. saturated steam. Accurate absolute determinations of the density and expansion coefficient of liquid water at ambient pressure were carried out in the early half of the century.1-3 Owen et al.,4 and Steckel and Szapiro,5 did very careful measurements of the ratio P/Pmax. For reviews, see Refs. 14, 28. In 1967, Menache 6 drew attention to the fact that the absglute density of water was not known to better than 10 g m-3 , principally because of the effect of variations in the isotopic composition of the samples used. In 1969, the International Association for the Physical Sciences of the Ocean (IAPSO) adopted a recommendation for a new study of the density of water. The International Union for Geodesy and Geophysics (IUGG) passed the text recommending such a study to the Comite International des Poids et des Mesures (CIPM). Also, Commission 1.4 on Physicochemical Measurements and Standards of the International Union of Pure and Applied Chemistry (IU-PAC) has been concerned with the same subject since 1965, as stated in Ref. 28. As a consequence, many new studies have been carried out or are in progress at present. 6 ,lO-12,17-27,30,32,33 Careful attention has been given to isotopic composition, 5, 6, 8, 10, 15, 16, 25, 33 and to the effects of dissolved gases 16 ,19,20 and of temperature. 1, 2, 8, 10, 14, 32, 33 The principal sources of highly accurate new density data are the National Research Laboratory of Metrology in Japan, and the Council for Scientific and Industrial Research in Australia. Masui and coworkers 30 ,32,33 in Japan have made precise measurements of the density of standard mean ocean water in the past decade. By measuring the thermal expansion between 0 and 85°C, Takenaka and Masui subsequently derived values for the density of water at ambient pressure for this entire temperature range. 32
These most recent values supersede the earlier data,25 and form part of our collection. Watanabe 33 has mea-sured the thermal dilatation of water at ambient preSSl between 0 °C and 44°C. He reported a correlation density developed from their careful measurements a derived the maximum density temperature as 3.9834 o( terms of the ITS-90. Watanabe only reported a corre tion, so our collection does not include it.
The density of water at ambient pressure is often • tained from correlations valid in larger pressure rang Many such correlations are available. 7 -9 ,13, 14,16,29,31 KI derived the density and other properties of water at a bient pressure from a correlation of highly precise P data of Kell and Whalley for liquid water up to 1 kl (Sec. 6.3). Later, Keut 4 reviewed density, thermal expl sivity, and compressibility of liquid water at ambient pr sure and at temperatures from 273 to .425 K. Since consider this correlation very accurate, ~e have mad< part of our collection. The equation of state of Sat0 31 : liquid water from 240 to 423 K and at pressures up to 1 MPa reproduces the thermodynamic property values ambient pressure mostly within experimental error.
The sources of data on the density of water at atn spheric pressure that we have collected in computer-. cessible form are listed in Table 5 .1. Table 1 of eir 1976 paper, Kroebel and Mahrt 13 showed on the baof Fig. 5 of Carnvale's paper8 that the data of ~eenspan and Tschiegg were about 0.3 m S-1 and those Wils.on ahont 0.6 m S-l above other data obtained :)hys. Chern. Ref. Data, Vol. 20, No.5, 1991 later.4-13 We have therefore not included the data of Refs. 2 and 3 in our collection.
Wilson 3 , and Barlow and Yazgan 7 extended their measurements to pressures of 97 and 80 MPa, respectively. We refer to Sec. 6.4 for these data.
Several authors extended their measurements into the supercooled water regime. Rouch et al. ls and Petitet et aI.17 reported data, while Trinh and Apfel t6 reported graphS of their data at ambient pressure. For further discussion, we refer to Sec. 7.1. Trinh and Apfel as well as Evstefeev et aI., also reported sound velocity data in superheated water at ambient pressure. We refer to Sec. 7.2 for these results. We confirmed that the recent measurements by Fujii and Masup8 agree with the data of Del Grosso and Mader within the respective experimental uncertainties of ± 0.015 mls. The data sources on sound velocity at ambient pressure that are available in computer-accessible form are listed in Table 5 .2. 17J. P. Petitet, R. Tufeu, and B. Le Neindre, Int. J. Thermophys. 4, 35 (1983) . [See 6.4(18), 7.1(19) ]. 18K. Fujii and R. Masui, Proceedings of the 11th Japan Symposium on Thermophys. Prop. 405 (1990) , Japan Society of Thermophysical Properties, N. Araki, secretary, Shizuoka Univ. Japan; numerical data were obtained by private communication.
Heat Capacities at Ambient Pressure
Most data for the heat capacity of liquid water at ambient pressure were obtained long ago, between 1879 and 1935. 1 -11 Fiock 9 reviewed the calorimetric measurements reported before 1930, including the work of Barnes 3 ,4 and of Jaeger and von Steinwehr 6
• The calorimetric data of Osborne and coworkers 8 , 12 at NBS for saturated water and steam, topic of Sec. 4.4, form to this very day essential input to formulations of the properties of steam. Osborne et al. 12 compared their data with those of Rowland l and with Day's revision of Rowland's data;2 with The direct measurement of the nonideality of water rapor by static methods is very difficult for temperatures ,elow 1J25 K, because sorption effects tend to dominate Iver nonideality effects at these relatively low pressures.
Cell et al. 5 ,7,l1,13,15 who did the most careful pIT measurenents in the vapor phase, do not believe their data for the econd virial coefficient can be trusted below 425 K. )ymond and Smith lO compiled the data of Refs. 2, 5-8. ~ew data by Eubank and coworkers,12 by means of the ~urnett method of pIT measurement in the range from 48 to 498 K, show evidence of considerable sorption efects, for which the authors have made careful correcions. We have included their set III in our data ollection. Other experimental sources of virial data are measurements of sound velocity or calorimetry,l from which information on gas imperfection can be deduced. WOflllald 4 del-ived virial coefficients from his measurements of the isothermal throttling coefficient. Le Fevre et al. s did the most recent data assessment and correlation of the second virial coefficient of steam; their formulation agrees well with the second virial coefficients that follow from the NBS/NRC Steam Tables discussed before (Sec. 1.1). Eubank et al. 12 , 14 reviewed all previous work. The data of Eubank et ale agree with the correlation of Le Fevre et al. to within 2%. The references to virial coefficient data available on disk are summarized in Table 6 .2. 
Density
There is a century of effort of nieasurement of the equation of state of water and steam. This is an activity that shows no signs of abating: more than half the data sources date to the past twenty years. In the case of the equation of state, a detailed review of each individual data source seems unnecessary: three recent formulations of the properties of water and steam listed in Sec. 1.1 (Refs. 7, 9, 11) perform extensive comparisons with all or parts of the data sets. Be it sufficient to state the following generalities. The work of Amagat 1 and of Bridgman 2 -4,6 was essential in opening up the high-pressure region for study. Further push towards high pressures came from Franck and his coworkers, 29, 31, 49 Vedam and Holton, 30 Grindley and Lind, 35 and Burnham et al. 32 Walsh and Rice, 8, 9 and Mitchell and Nellis, so enter shock-wave regime. Keyes et al., 5, 7 and Kenned coworkers 1 0-13 set the stage for systematic investiga' the U.S.A., while Kirillin, t4, 15 Vukalovich and coworkers, 16, 17, 19 Alexandrov and coworkers, 39.41, 4 Zubarev et al. 45 , 46, 48 fulfilled that role in the U.~ Tanishita and coworkers in Japan, 23, 33, 43 and Juza et in Czechoslovakia. It is generally agreed, howeve: the extensive and highly accurate pIT data of Ke coworkers 27 , 38, 40, 47, 53, 56, 57 in Canada provide the key tt new formulations of the properties of compressed' and of water vapor above 425 K (see Chen et al.4< discussion of consistency of ampient-pressure SOUl locity and compressibility data). The earlier w( Rivkin et al. 20 , 22, 24, 25, 28 in the U.S.S.R., -and the recenl of Hanafusa et al. 52 and of Morita et al. 55 in Japan a the near-and supercriticat regime. This brief SUIl does not do full justice to the references listed belo l refer to the detailed comparisons in the publica tic Haar et al., Wagner and Saul, Hill, and Sato et al. in Sec. 1.1 (Refs. 7, 8, 9, 11) for those who need to fu) preciate and appraise the enormous effort that has invested in measuring the equation of state of wat( steam. Recent measurements for the density of ste2 Eubank et al. 54 and by Kell, 56, 57 do not ~gree perfectl, each other. As discussed in Sec. 6.1, sorption effe low-density water vapor are substantial and may r( further study.
Data that have been historically important but aJ available on disk are summarized in Table 6 measured the enthalpy increment of water at tempe) tures from 356 to 408 K and at pressures from 0.17 to 11 MPa; they claim an uncertainty of ±O.5%. The late heat measurements of Osborne and coworkers in sa1 rated water and steam, described in Sec. 4.4, have yielded the enthalpy of evaporation, and therefore also the enthalpy of saturated water, once that of steam is known. The many new sources of excellent isobaric heat capacity data, to be discussed in the next section, also contribute to' our knowledge of the enthalpy of water and steam. Presently, enthalpy values of water and steam are usually derived from a thermodynamic free energy formulation based on the latent heat data and onpVI data. It is still a matter of ilebate whether direct measurements can give more reliable enthalpy values than those derived from an accurate formulation.
The sources available on disk are summarized in Table  6 .3. Since the early 19708, several groups in the U.S.S.R., associated with Alexandrov, [12] [13] [14] 15 and Erokhin, 16, 17 and one in France, with Le Neindre,18,2O have actively expanded the range of pressures and temperatures, so that quality data are now available in high-temperature and supercritical water. In the process, the number of data points available has tripled.
The data from the 'French group connect smoothly with the Alexandrov data both at high and low temperatures. 
Isobaric Heat Capacity
Virtually all data on the isobaric heat capacity of water and steam originate from the laboratory of Sirota in the U.S.S.R., 2-12,lS where an active program of flow calorimetry existed from the mid-1950s to 1970, and a range of state variables up to 960 K and 100 MPa was covered with exemplary accuracy in vapor, liquid and supercritical conditions. Sirota derived the heat capacity of saturated water and steam from his data. 9 Also, the locus of Cp maxima along isotherms was determined by Sirota et al.13 Thi~ group also developed an equation of state for water and steam based on the c p data and calculated c p from it in the range of 273-423 K and 5-100 MPa. 14 Ref. 19, 21 in Sec. 6.4) .
The sources of the data that are available on disk are summarized in Table 6 .5.
0. Ernst and R. Philippi, J. Chern. Thermodynamics 22,211 (1990) . Data, Vol. 20, No.5, 1991 6.6. Isochoric Heat Capacity Isochoric heat capacity measurements in steam are very difficult. Contrary to the short residence times of flow calorimetry, the sampl~ resides in the calorimeter for long periods, which makes contamination a serious problem. Also, because of the high temperatures and pressures involved, the heat capacity of the container far exceeds that of its contents. One has to expect lower accuracy in C v than in cp • Direct measurements of Cv are most informative in the near-and supercritical regime, where a weak divergence develops in cv• They also can be used to locate the phase boundary, where a jump occurs in the value of Cv- In the period 1962-1975, Amirkhanov, Kerimov and coworkers l -4 in the U.S.S.R. have produced a large number of isochoric heat capacity data over a temperature range from ambient up to over 1000 K. They performed many detailed measurements in the critical region. These authors have published a book on their data. 3 Baehr and Schomacker in Germany measured Cv in the near-and supercritical regime in the mid-1970s. 5 Lyzenga et al. 6 derived some information ort Cv at extreme pressures and temperatures from their shock-wave data.
The Cv data of Baehr and Schomacker have been she to be consistent with accurate formulations of the tJ modynamic properties of steam based on pIT data (R 9, 11 in Sec. 1.1) and with the scaling laws (Refs. 19 in Sec. 6.4). The U.S.S.R. data show a more checke picture: they do not always agree with the p~ boundary data derived frompVI' and latent heat infon tion, and they do not seem to be fully consistent intern (Ref. 19, Sec. 6.4) .
The references to the data sources available on ( are given in Table 6 .6.
